Capsule expression in Neisseria meningitidis is encoded by the cps locus comprised of genes required for biosynthesis and surface translocation. Located adjacent to the gene encoding the polysialyltransferase in serogroups expressing sialic acid-containing capsule, NMB0065 is likely a member of the cps locus, but it is not found in serogroups A or X that express non-sialic acid capsules. To further understand its role in CPS expression, NMB0065 mutants were created in the serogroups B, C and Y strains. The mutants were as sensitive as unencapsulated strains to killing by normal human serum, despite producing near wild-type levels of CPS. Absence of surface expression of capsule was suggested by increased surface hydrophobicity and confirmed by immunogold electron microscopy, which revealed the presence of large vacuoles containing CPS within the cell. GC-MS and NMR analyses of purified capsule from the mutant revealed no apparent changes in polymer structures and lipid anchors. Mutants of NMB0065 homologues in other sialic acid CPS expressing meningococcal serogroups had similar phenotypes. Thus, NMB0065 (CtrG) is not involved in biosynthesis or lipidation of sialic acid-containing capsule but encodes a protein required for proper coupling of the assembly complex to the membrane transport complex allowing surface expression of CPS.
Introduction
Neisseria meningitidis is a Gram-negative encapsulated bacterium and is an important cause of septicemia and meningitis in humans [1] . Capsular polysaccharide (CPS) plays a crucial role in virulence by enabling the bacterium to evade complement-mediated and phagocytic killing and is the basis for immunological serogrouping. Thirteen serogroups have been described, six of which cause the majority of invasive disease (A, B, C, Y, X, and W-135) [2] . Four serogroups (B, C, Y and W-135) express capsules containing sialic acid. Serogroups B and C are homopolymers of N-acetylneuraminic acid in an α2→8 or an α2→9 linkage, respectively [3] . Serogroups Y and W135 are composed of alternating disaccharide repeat units of sialic acid and D-glucose or D-galactose, respectively [4] . Serogroup A is composed of (α1→6)-linked N-acetylmannosamine-1-phosphate [5] , while serogroup X expresses (α1→4) linked N-acetyl-D-glucosamine 1-phosphate [6] . Like other pathogenic group II capsuleexpressing bacteria, such as Escherichia coli K1, the genetic organization of the meningococcal capsule polysaccharide (cps) locus is comprised of three regions (Fig. 1) . The meningococcal cps locus is a 24-kb virulence island of low G+C content [7] . Region A (synA-D) encodes proteins involved in sialic acid synthesis and elongation of the sialic acid polymer. The first three genes (synA-C) are highly homologous among sialic acid capsule-expressing serogroups, while the gene encoding the capsule polymerase is serogroup-specific [8] . Regions C (ctrA-D) encode proteins forming the capsule transport apparatus and are required for export of capsule polymers through the inner and outer membranes. CtrB/C/D belong to the superfamily of ATP-dependent (ABC) transport cassette, while CtrA is the designated outer membrane porin. Region B contains two genes, ctrE (lipA) and ctrF (lipB), which are also required for export of lipidated polymer to the meningococcal outer membrane [9] .
Located immediately downstream and transcribed in the opposite direction of synD ( Fig. 1) , the gene NMB0065 has been implicated as a member of the cps locus. A random Tn10 transposon mutant that was unable to induce septicemia in an infant rat model was mapped to the NMB0065 gene [10] . In addition, Himar1 mariner random mutagenesis of a serogroup C strain, 8013, identified a mutation in the serogroup C homologue of NMB0065 that caused increased susceptibility to complement-mediated lysis and reduced capsule expression [11] . These data suggest that NMB0065 may be an uncharacterized determinant of CPS biosynthesis or CPS transport. This study was conducted to understand the role of NMB0065 in meningococcal CPS expression.
Materials and methods

Bacterial strains, plasmids and media
The strains and plasmids used in this study are listed in Table 1 . All meningococcal strains were grown on GC base agar (Difco) supplemented with 0.4 % glucose and 0.68 mM Fe (NO 3 ) 3 at 37°C with 5% CO 2 . Meningococcal mutants with kanamycin selection were grown on brain heart infusion base agar (Becton Dickinson) containing 1.25% fetal bovine serum (Gibco-BRL). Liquid cultures were grown in GC broth with the same supplements and 0.43% NaHCO 3 . E. coli strains were grown in Luria-Bertani (LB) broth. Antibiotics (μg/mL) used for meningococci were: kanamycin, 80; erythromycin, 3, and for E. coli were: kanamycin, 50; ampicillin, 50; erythromycin, 350. Monoclonal antibodies against the meningococcal serogroup B capsule (2-2-B), the serogroup C capsule (4-2-C) and the serogroup Y capsule (5-2-Y) were generous gifts of Wendell Zollinger (Walter Reed Army Institute of Research).
Construction of NMB0065 mutants and ctrG::lacZ reporter strain
An internal coding region was amplified by PCR with primers RH014 (5′-CAATATTATGACGCAGTAATTTTATCGG-3′) and RH019 (5′-CCGGATTTGCTATTTTTGGG-3′) with NMB chromosomal DNA as the template. The resulting PCR fragment was cloned into pCR2.1 (Invitrogen) and sub-cloned into pUC19 using KpnI/XbaI digestion to yield pRH5. A SmaI fragment of pUC18K containing the aphA3 cassette [12] was inserted into the unique BstBI site of pRH5 blunted with Klenow DNA polymerase (New England Biolabs) to yield pRH6 with the aphA3 cassette inserted at 285 bp of the 927-bp NMB0065 coding sequence. pRH6 was used to transform wild-type NMB cells and kanamycin-resistant colonies were selected. The mutation was confirmed by PCR using an aphA3-specific primer (KanA: 5′-CTTAGCAGGAGACATTCCTTCCG-3′) and a NMB0065-specific primer (RH035: 5′-CTTTGATAGATTGATAATAATGGTTG-3′).
Similar mutations were also constructed in the serogroups C and Y strains. Primers RH014 and RH019 were used to amplify the serogroup C homologue from FAM18 chromosomal DNA and primers RH030 (5′-GATATTGTTATTCTATCATTAGG-3′) and RH031 (5′-CAACAAAGAATTGCTTAGC-3′) were used for serogroup Y (GA0929). Construction of the FAM18 mutation was performed as described above. A unique NaeI site was engineered into the serogroup Y (GA0929) NMB0065 homologue (pRH13) using Quickchange site-directed mutagenesis (Stratagene) with primers RH038 (5′-GCACTGGCTAATCGCCGGCCACATAAAGATTTAGTAC-3′) and RH039 (5′-GTACTAAATCTTTATGTCGGCCGGCGATTAGCCAGTGC-3′) to create pRH15. The SmaI released aphA3 cassette from pUC18k was cloned into the blunt NaeI site to create pRH23. Transformation of the parent strains (FAM18 and GA0929) was performed as described above.
A 397-bp fragment of the NMB0065 promoter region was obtained by PCR amplification using primers RH035-ER (5′-cggaattcCTTTGATAGATTGATAATAATGGTTG-3′) and RH014-R-ER (5′-cggaattcCCGATAAAATTACTGCGTCATAATATTG-3′, EcoRI site underlined), and chromosomal DNA of serogroup C strain FAM18 as template. The PCR product was digested with EcoRI and the released insert was purified and cloned into the EcoRI site of pYT328 [13] to generate transcriptional fusion to the lacZ gene that is flanked by meningococcal sequences of NMB0428 and NMB0430. Correct orientation of the promoter relative to the lacZ gene was confirmed by colony PCR using a lacZ 5′ outward primer, YT168, and a forward primer within the cloned promoter fragment. The resulting plasmid, pYT427, was confirmed by sequencing analysis and then digested with NcoI for linearization and transformed into N. meningitidis NMB. Transformants (NMB427) were selected on GC/erm plates and the integration of the lacZ fusion via homologous recombination into an irrelevant intergenic region verified by PCR.
Complementation of the serogroup B NMB0065 mutant
Primers RH035 (5′-CTTTGATAGATTGATAATAATGGTTG-3′) and RH040 (5′-CGCTTTATATTAAATCACCTTTCTCAACC-3′) were used to amplify a 1,324-bp fragment from strain NMB that contains 362-bp upstream sequence of the NMB0065 start codon and the entire coding sequence of NMB0065. The PCR product was cloned into pCR2.1 and the insert was released by KpnI/XbaI digestion and subsequently cloned into the KpnI/XbaI site of the meningococcal shuttle vector pYT250 [14] to yield pRH18. The plasmid was methylated with HaeIII methylase (New England Biolabs) according to manufacturer's instructions and used to transform the NMB0065::aphA3 mutant (RH2.2). Kanamycin-resistant/erythromycinresistant colonies were selected and analyzed by PCR. The presence of the original mutation and an intact copy of the complemented gene on the plasmid were confirmed with chromosomespecific and vector-specific primers, respectively. The complemented mutant strain is referred to as RH4.1.
NMB0065-phoA fusions and PhoA activity assay
The coding sequence of NMB0065 was PCR amplified with primers B65-F-KpnI (5′-GGGGTACCGCATCAATATTATGACGCAG-3′) and B65-R-KpnI (5′-AAGGTACCCTATTTCTTCTTCTAAACCATTTAG-3′) (KpnI underlined). The PCR product was digested with KpnI, and inserted at the 5′ end of phoA in KpnI-cleaved pBAD-phoA [15] . Colonies were screened by PCR using primers B65-F-KpnI and phoA-5-Rev (5′-GCAGAGCGGCAGTCTGATCA-3′) to identify the correctly orientated NMB0065 fragment and the in-frame fusion with phoA of the resulting plasmid, pYT415, was confirmed by sequencing. Similarly, a second phoA fusion in which the NMB0065 fragment was cloned to the 3′ end of phoA was constructed by cloning the NMB0065 coding sequence into the HindIII site of pBAD-phoA to yield pYT416. PCR amplification was performed with primers B65-F-HdIII (5′-TTAAAAGCTTGCATCAATATTATGACGCA-3′) and B65-R-HdIII (5′-TTTTAAGCTTCAACTATTTCTTCTTCTAAACC-3′) (HindIII site underlined). A positive fusion control, pYT417, was made by cloning the N-terminal 145 amino acid residues of CtrC and fused with the 5′ end of phoA in pBADphoA. The ctrC fragment containing three transmembrane domains with the C-terminus ended in periplasm was obtained by PCR using primers C145-F-KpnI (5′-CGGGGTACCGAAAGCCTTGCATAAAACATC-3′) and C145-R-KpnI (5′-CGGGGTACCGGCATTTCAATCCAG-3′).
DH5α strains carrying the phoA fusion plasmids or the empty vector were grown in LB broth supplemented with 0.2% glucose and induced with 0.2% arabinose. Aliquots (100 μl) of overnight culture were mixed with 900 μl of 0.2 M Tris, pH 8, chloroform (100 μl) and 0.1% SDS (50 μl), and the cells were permeabilized with pipetting. The PhoA activity was measured by incubation with p-nitrophenyl phosphate (50 μl, pNPP, Sigma liquid substrate system) at 37°C for 50 minutes. Absorbances at 420 nm and 550 nm were measured after adding 50 μl of 0.1 M EDTA. The activity was calculated as unit = 1000*(OD 420 −1.75*OD 550 )/ (OD 600 *time*volume of cells) [16] .
Western blots and subcellular fractionation
Cells from cultures used in the PhoA activity assays were collected by centrifugation. Equal numbers of cells corresponding to absorbance of 0.1 at OD 600 were boiled in SDS-PAGE sample buffer and proteins separated on a 10% SDS-PAGE. Resolved proteins were transferred to nitrocellulose membranes using a semi-dry transfer apparatus (BioRad). The membranes were blocked in blocking buffer (5% non-fat dry milk in 1× TBS) at 4°C overnight, and then incubated with the monoclonal anti-PhoA antibody, (Chemicon, 1:10,000 dilution in 1× TBS with 0.1% Tween 20) at RT for 1 hr. After two 10-min washes, membranes were incubated with anti-mouse IgG-Horseradish peroxidase conjugate (Pierce) (diluted 1:25,000) for 1 hr at RT. After three washes, the membranes were developed with the ECL immunoblot system (Pierce). The soluble protein and total membrane protein fractions were separated by the method of Clark et al. [17] as previously described [18] from 50 ml culture of the induced pYT415-containing strain. Protein concentration was determined by BCA protein assay (Pierce) with BSA as standard.
Capsule ELISA, hydrophobic interaction chromatography and Serum bactericidal assay
The whole cell ELISA were performed as previously described [19] using monoclonal antibodies 2-2-B, 4-2-C and 5-2-Y for serogroups B, C and Y, respectively. The bacteria in 96-well plates were dried overnight, resulting in bacterial lysis and access to intracellular compartments of the cell, thus the assay detected total capsule. The lysate obtained by repeated freeze-thaw of bacteria gave similar results. The procedure of hydrophobicity test has been described previously [9] .
A microdilution serum bactericidal assay was performed as described previously [20] . Briefly, cultures at mid-log phase were diluted in HEPES/MEM, pH 7.3, to 1 × 10 5 cfu/mL. Normal human serum was added to final concentrations of 10 or 25%. After incubation at 37°C for 30 min, 10 μL (in duplicate) of each well were plated and colonies were counted after overnight growth. Percentage survival was calculated by comparing to a no-serum control sample for each strain.
Electron microscopy
Liquid grown cultures were fixed in 2.5% glutaraldehyde for 2 hours. Thin sections of Eponembedded samples on nickel 200-mesh grids coated with Formvar and carbon were etched with 0.1% H 2 O 2 , followed by a treatment with 1% metaperiodate. The grids were washed with PBS three times and incubated with 50 mM glycine in PBS, followed by incubation in the blocking solution (5% BSA, 0.1% gelatin, 5% normal mouse serum in PBS). After washing in 0.1% BSA-c (acylated BSA, Aurion) in PBS, the grids were incubated in primary antibody (2-2-B, 1:25 in 0.1% BSA-c) overnight at 4°C. Again the grids were washed and incubated for 1.5 hours at room temperature with the secondary antibody (10 nm gold-conjugated goat antimouse IgM, 1:20). The grids were washed, incubated with 2.5% glutaraldehyde in 0.1 M phosphate buffer and counterstained with lead citrate. The grids were viewed on a Hitachi H-7500 transmission electron microscope.
CPS purification, phospholipases treatment, electrophoresis and staining
Capsular polysaccharide was purified from strains NMB and RH2.2 according to the protocol of Gotschlich [21] , modified as follows. Cells from overnight cultures were lysed by addition of 10% Cetavlon (hexadecyltrimethyl ammonium bromide) to a final concentration of 1% (w/ v). The precipitate and bacterial debris were collected by centrifugation (11,000 × g for 15 min) and then resuspended in distilled water. To dissociate the polysaccharide-Cetavlon complex, 1 volume of 2 M CaCl 2 was added, and the mixture was allowed to stir for 16 hours. Absolute ethanol was added to a final concentration of 25% to precipitate nucleic acids. After 2 hours, the precipitated nucleic acids were removed by centrifugation (25,000 × g for 20 min). The ethanol concentration of the supernatant was raised to 80% (v/v) to precipitate polysaccharide. This polysaccharide was collected by centrifugation (2,000 × g for 10 min), washed with absolute ethanol and resuspended in distilled water. This solution was incubated with 50 mg/mL DNase I and 100 mg/mL RNase A at 37°C for 2 hr, followed by incubation with 50 μg/mL proteinase K in 10 mM MgSO 4 buffer at room temperature for 16 hr. The solution was dialyzed against water in a 3.5-kDa cut-off dialysis bag (Spectrum). After 24 hr dialysis, the buffer was changed to CTAB removal buffer (10 g NaCl, 1.8 g Tris base, 400 mL ethanol per liter) and the sample was dialyzed for additional 48 hr with one change. Following a further 48 hr dialysis against distilled water, the dialysate was lyophilized. Treatment procedures of purified CPS with phospholipase C to release the phospholipid have been described previously [9] .
The deoxycholic acid (DOC)-containing polyacrylamide gel electrophoresis with Laemmli buffer system (DOC-PAGE) [22] and capsule visualization with Alcian Blue was used to analyze phospholipase treated CPS samples as previously described [9] .
NMR and GC-MS analysis
The purified CPS samples were initially washed with 9:1 ethanol-water-mix to remove phosholipids. The glycosyl composition analysis of the purified CPS (CPS) samples was done by the preparation and gas chromatograph-mass spectrometry (GC-MS) of trimethylsilyl (TMS) methyl glycosides. In brief, the samples were methanolyzed (methanolic 1 M HCl at 80°C for 18 hr) to methyl glycosides followed by re-N-acetylation (pyridine and acetic anhydride in presence of methanol at 100°C for 1 hr). Finally, the re-N-acetylated sugars were derivatized using Tri-Sil reagent (Pierce) (80°C for 30 min) to give TMS methyl glycosides. The TMS methyl glycosides were analyzed on a Hewlett-Packard mass spectrometer (HP 5890) interfaced with a mass selective detector from HP (5970 MSD) using a DB-1 (30m × 0.25mm × 0.25 micrometer).
Nuclear magnetic resonance (NMR) analysis of the CPS samples was done using a 600 MHz Varian spectrometer. Each sample was initially exchanged twice with 99.8% Deuterium oxide (D 2 O) (Aldrich) and then was finally dissolved in 100% D 2 O (Cambridge Isotope Lab). The 1D proton and 2D proton-carbon correlation spectra were collected using standard pulse sequence provided by Varian.
Results
Genomic location and characterization of NMB0065
The open reading frame of NMB0065 is adjacent to but transcribed convergently from the biosynthesis cassette synA-D (Fig. 1A) in the serogroup B strain NMB. The serogroup C (FAM18) homologue of NMB0065 was 96% identical to the NMB sequence at the nucleotide level, while the serogroup Y (GA0929) and W-135 (GA1002) homologues were both 61% identical to the NMB sequence. However, the serogroup Y and W-135 NMB0065 homologues were 99% identical to each other and their transcriptional orientations were opposite to those of serogroups B and C (Fig. 1A) . Interestingly, no homologue of NMB0065 is found in the serogroup A (Z2491) genome sequence [23] or serogroup X cps region [24] . Although homologous to many hypothetical proteins with unknown functions, the best characterized homolog is the NeuE protein encoded within the polysialic acid capsule locus of K1 E. coli [25] [26] [27] . Sequence alignment between the two proteins revealed the absence of the N-terminal 90 residues of NeuE in NMB0065 ( Fig. 1B) and no highly conserved motifs can be recognized despite similarity throughout the remaining sequence,
The NMB0065 protein is predicted to be a 318-aa protein of 37 KDa and contains no secretion leader sequence. Analyses of the protein sequence using several topology prediction algorithms [28] [29] [30] suggested that it is ether a soluble protein, contains a single transmembrane (TM) domain with its C-terminus projected into the periplasm, or contains two TM domains with both termini located in periplasm ( Fig. 2A) . To examine the topology of NMB0065, both Nterminal and C-terminal PhoA fusions of the full-length NMB0065 were constructed and examined in E. coli. No PhoA activity was detected for either fusion; while a positive control of CtrC-PhoA fusion yielded activity (Fig. 2B) . Expression of the fusion proteins with an expected molecular weight was confirmed by Western blots using anti-PhoA monoclonal antibody (Fig. 2C) . Thus, the data suggested that NMB0065 is a soluble protein located in the cytoplasm. To assess whether NMB0065 peripherally associated with the inner membrane, the soluble protein fraction and total membrane protein fraction of the E. coli strain expressing the C-terminal PhoA fusion (pYT415) was prepared. Western blot against PhoA antibody showed that NMB0065-PhoA protein exclusively associated with the membrane, indicating that NMB0065 likely associated peripherally with the cytoplasmic side of the inner membrane.
The genetic location and orientation of the coding sequence suggested that NMB0065 is most likely independently transcribed. To investigate its transcription profile, we generated a single copy lacZ fusion integrated at a permissive chromosomal locus, and monitored its transcriptional activity throughout the growth phase. As shown in Fig. 2D , NMB0065 was constitutively expressed with no apparent growth phase dependent changes.
The meningococcal NMB0065 mutant was sensitive to complement-mediated killing of normal human serum (NHS)
Whole-cell ELISAs that detect total CPS were performed with an anti-serogroup B capsular monoclonal antibody and the NMB0065 mutant produced a level of CPS similar to the wildtype parent (90.6±16.3%). Multiple independent NMB0065 transformants were assayed, and similar results were obtained (data not shown). Likewise, the NMB0065 mutants of a serogroup C strain (FAM18) and a serogroup Y strain (GA0929) yielded near wild type levels of CPS compared to the corresponding parental strains (93.5±20.6% and 125.5±12.0%, respectively).
Encapsulated meningococcal strains can resist complement-mediated killing of NHS [20] as the unencapsulated mutant (M7) was completely killed at 10% NHS, while the wild type parent strain survived. The NMB0065 mutant was completely killed by 10% NHS, despite producing near wild-type levels of total CPS (Fig. 3A) . The bactericidal activity of human serum against M7 and the NMB0065 mutant was due to complement-mediated lysis, as all strains survived in heat-inactivated serum. Thus, the CPS produced by the NMB0065 mutant failed to protect meningococci against the complement-mediated bactericidal activity of NHS. Data obtained for the serogroup Y and C mutants were similar to the serogroup B observations ( Fig. 3B and data not shown).
Complementation was performed to ensure that the observed NHS sensitivity of the NMB0065 mutant was caused by the mutation. A meningococcal shuttle vector carrying a fragment that contains the 363-bp upstream sequence and the entire coding region of NMB0065 from strain NMB was transferred into the NMB0065 mutant (RH2.2) by transformation. As shown in Fig. 3A , resistance to killing by NHS was restored by complementation of the NMB0065 mutation (strain RH4.1) to higher levels than those of the wild type, possibly due to an elevated expression of NMB0065 from the complementation plasmid. Thus, these data confirmed that the loss of serum resistance was caused by the NMB0065 mutation.
CPS produced by the NMB0065 mutant was not expressed on the cell surface
The serum sensitivity of the NMB0065 mutant suggested that the CPS was likely not transported to the cell surface. Since the meningococci expressing highly anionic polysialic acid capsule display more hydrophilic surface compared to unencapsulated meningococci [9] . Surface hydrophobicity assay with Octyl-sepharose column was used to assess whether capsule was present on the cell exterior [31] . For the encapsulated strain, ~40% of cells (39.0 ±7.6%) retained on the Octyl-sepharose column, while absorption onto the column was near 100% for the unencapsulated strain M7 (97.9±1.0%), demonstrating increased hydrophobicity of unencapsulated meningococci. The NMB0065 mutant behaved similarly (90.5±6.3%) to the unencapsulated M7 strain and this enhanced hydrophobicity can be reversed by complementation (22.0±4.0%). These results suggested that there was limited or no CPS present on the surface of the NMB0065 mutant. Likewise, the serogroup C and Y NMB0065 mutants displayed enhanced surface hydrophobicity when compared to the wild type parent strains (92.7±9.7% vs. 42.9±7.1% and 98.0±2.7% vs. 13.5±6.5%, respectively). Thus, consistent with the results of the serum bactericidal assays, little or no CPS was expressed on the cell surface in these NMB0065 mutants.
Immunogold labeling electron microscopy with the serogroup B-specific 2-2-B monoclonal antibody was conducted to further assess the location of the capsule of the NMB0065 mutant. As shown in Fig. 4 , surface labeling of the antibody was demonstrated in the wild type serogroup B parent strain NMB, but not the capsule-deficient mutant M7, or the NMB0065 mutant (panel A versus panels B and C). Immunogold staining of cell cross-sections revealed large electron-translucent zones, or lacunae, at the poles of the NMB0065 mutant that were labeled with the gold particles ( Fig. 4 , panels C and E). Electron-translucent zones similar to those seen in the NMB0065 mutant have been observed in many capsule transport-deficient mutants of E. coli K1 and K5 strains [32] [33] [34] , as well as N. meningitidis [9] . Immunogold labeling of CPS was abundant within the electron-translucent areas of the NMB0065 mutant. The complemented mutant showed both capsule labeling on the surface of the cell and the presence of small lacunae in some cells (data not shown). However, sufficient capsular material was present on the cell surface to restore serum resistance ( Fig. 3 ) and altered the hydrophobicity profile of the bacterial surface.
3.4
The CPS structure of the NMMB0065 mutant was identical to that of the wild-type parent CPS was purified to determine whether the CPS structure of the NMB0065 mutant was different from that produced by the wild-type parent. Purified capsular polysaccharides were treated with phospholipase C, which removes the glycerophospholipid anchor of capsule polymers [9] , and then separated on DOC-PAGE along with the untreated CPS control. The presence of diacylglycerophosphatidic acid on CPS causes the formation of larger micelles that migrate more slowly during electrophoresis compared with polymers that are not lipidated. Phospholipase C digestion resulted in the release of the lipid moiety and the observed pattern for the NMB0065 mutant was identical to that of the wild type polysaccharide (data not shown). Furthermore, comparison of the nonlipidated capsule polymers resolved by DOC-PAGE revealed no discernible difference in polymer length between the mutant and the wild type parent. Together, these data suggest that the polysaccharide of the NMB0065 mutant was lipidated and that the NMB0065 protein did not control the length of the sialic acid polymer.
A combination of GC-MS and NMR analyses were performed to gain further detailed comparison of the polysaccharide structures. After extraction of the CPSs with 9:1 ethanolwater to remove phospholipids, compositional analysis of the methanolyzed and trimethylsilyated CPSs using GC-MS was performed and revealed identical chromatographs (data not shown). The major sugar was found, as expected, to be N-acetylneuraminic acid (NANA). Proton NMR analysis was performed on the same purified CPS samples after exchanging with Deuterium oxide (D 2 O). NMR spectra showed no major differences between the wild type and mutant capsules, and, once again, NANA was the major constituent in both spectra (data not shown). In combination, these data indicate that there was no difference in the structures of the capsules of the serogroup B wild type strain and the NMB0065 mutant.
Discussion
Encapsulated N. meningitidis expressing sialic acid capsules of serogroups B, C, Y or W-135 remain a major cause of epidemic meningitis and septicemia globally [1] . Capsular polysaccharides are the outermost structure of the bacterial surface and as such play a key role in interactions between the pathogen and the host [35, 36] . Sialic acid capsules expressed by meningococci permit evasion of host responses such as complement-mediated bacteriolysis and phagocytosis [20, 35] and are important in bacterial transmission and colonization [37] [38] [39] [40] .
The meningococcal NMB0065 was first identified in mutational analyses as required for septicemia in an infant rat model [10] . Another mutagenesis study searching for genes conferring resistance to complement-mediated killing identified a mutant of the serogroup C NMB0065 homologue, and its apparently reduced capsule expression may account for the serum sensitivity [11] . These data are consistent with NMB0065 being a determinant of capsule expression. Upon analyses of NMB0065 mutations in meningococcal serogroups B, C and Y, we demonstrated a consistent phenotype in which the levels of total CPS produced by the mutants were similar to the wild type strains. Our results differ from the result of Geoffroy et al. [11] , which reported that the serogroup C NMB0065, ctrE and ctrF transposon mutants produced < 10% of the wild-type capsule level. We have previously demonstrated that ctrE and ctrF mutants of the serogroup B strain NMB also express intracellular capsule at levels close to that of the wild type [9] . Thus, this discrepancy may be due to strain variation, or more likely, caused by differences in the degree of cell lysis, in which their study detected extracellular capsule with limited cell lysis.
The intracellular capsule expression of all NMB0065 mutants in different serogroups was consistent with their sensitivity to killing by normal human serum, increased surface hydrophobicity and large electron-translucent zones (lacunae) of accumulated intracellular CPS as revealed by immuno-gold electron microscopy. There are no discernible differences in the composition and the structures of the capsular polymers and the lipid anchor. Thus, NMB0065 was not involved in biosynthesis or lipidation of the polymer. In addition, DOC-PAGE and MALLS (multi-angle laser light scattering) analysis of the mutant and wild type CPSs (data not shown) did not reveal noticeable differences in the polymer length, suggesting that NMB0065 was not involved in the capping of polymer chain length. Thus, it is unlikely that NMB0065 participates in the assembly of capsular polymers, but perhaps contribute in linking the capsule biosynthesis complex with the CtrA-D transport apparatus in conjunction with CtrE and CtrF proteins. ctrE and ctrF are conserved in all meningococcal serogroups, while NMB0065 is only present amongst meningococci expressing sialic acid capsules (serogroups B, C, Y and W-135) and is absent in the non-sialic acid producing serogroups A or X meningococci. The exclusive linkage of NMB0065 and its homologues with sialic acidcontaining CPS in meningococci suggests a possible functional role in ushering the assembled sialic polymers for translocation. We propose that NMB0065 be designated as CtrG to indicate its function as part of the CPS translocation machinery. Interestingly, the NMB0065 homologue of E. coli (neuE) encoded within the kps gene cluster is present in K1 and K92 strains that express polysialic acid capsule, but not in the strains producing non-sialic acid group II capsules.
While proteins of unknown function that exhibit slightly higher homology to CtrG were found in Streptomyces coelicolor and Synechococcus spp., NeuE of E. coli that expresses polysialic acid capsule is the best characterized homologue of CtrG [41] . However, several features distinguish CtrG and NeuE. First, CtrG is a 318-aa protein, while NeuE contains 411 residues (Accession no. AY937259, [26] ). They share sequence similarity (25% identity and 45% similarity) over the central ~220 residues. The phoA fusion and subcellular fractionation analyses (Fig. 2) indicated that NMB0065 is a soluble cytoplasmic protein peripherally associated with the membrane, while NeuE is believed to associate with the inner membrane via a predicted transmembrane domain near the C terminus with similarity to a polyprenylbinding motif [25, 26] . Pair-wise alignment of CtrG and NeuE (Fig. 1B) indicated that CtrG does not contain the corresponding C-terminal TM domain of NeuE. Andreishcheva and Vann [26] have shown that NeuE, together with KpsC and KpsS (meningococcal CtrE and CtrF homologues, respectively), was required for efficient de novo synthesis of polysialic acid capsule in the absence of an exogenous acceptor both in vitro and in vivo. Full-length intracellular lipidated polymers and a decreased polymerase activity were detected in a neuE mutant of K1 E. coli [34] . Thus, NeuE appears to be involved in both de novo biosynthesis and transport of assembled capsule in E. coli. The E. coli polysialyltransferase NeuS, a membrane bound enzyme catalyzes the elongation reaction in the absence of other kps gene products, but cannot initiate the polymerization of sialic acid [25, 42] . In contrast, the meningococcal polysialyitransferase SynD (SiaD) performs both functions [43] , and has also been purified as an active soluble polymerase in the absence of membrane association or other capsule gene products [44] . Thus, the difference in the functional characteristics of NeuS and SynD appears to correlate with the phenotypic difference between the ctrG and neuE mutants. CtrG seems to only participate in meningococcal capsule surface expression.
In conclusion, we have determined the cellular location of CtrG and demonstrated that it is not required for the production of assembled meningococcal capsule polymers. CtrG engages the transmembrane export complex for proper surface expression of sialic acid capsular polysaccharides.
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